Osteomyelitis consists of a wide range of inflammatory bone disorders caused by microbial infections or auto-inflammatory processes[@b1]. As osteomyelitis can occur at different ages and at preferred localizations in the human skeleton, the incidence of osteomyelitis is approximately 1--2% in the United States and is more prevalent in developing countries with mortality rate as high as 2%[@b2][@b3]. Bacteria responsible for osteomyelitis usually invade bone-forming osteoblasts, leading to pervasive inflammation, necrosis and bone destruction at the sites of infection[@b4]. As often refractory to treatment and recurrent, osteomyelitis is considered one of the most challenging medical conditions for Orthopaedic surgeons[@b5][@b6][@b7]. Meanwhile, Orthopaedic devices are the most common surgical devices associated with implant-related infections, and *Staphylococcus aureus (S. aureus*) is the most common causative pathogen in chronic osteomyelitis[@b8][@b9]. Current treatment strategies for osteomyelitis involve surgical debridement and systemic and/or local antimicrobial therapies, the later can provide high concentrations of antibiotics at the infected site[@b10][@b11][@b12]. However, effective treatment of chronic osteomyelitis using antimicrobial agents remains a significant clinical challenge[@b13][@b14]. Furthermore, increasing numbers of osteomyelitis cases are caused by multiple infections or multi-drug resistant bacterial strains such as methicillin-resistant *Staphylococcus aureus* (MRSA), and possess even more formidable clinical challenges[@b15][@b16][@b17]. Thus, there is an unmet clinical need to develop novel and effective strategies to combat osteomyelitis.

The use of biomaterials to treat osteomyelitis, especially implant-associated osteomyelitis, holds great promise and has been extensively explored[@b9]. Silver ions are excellent antimicrobial agents and have been used to treat wound infections and to disinfect water[@b18][@b19][@b20][@b21][@b22][@b23]. Silver was shown to effectively inhibit resistant bacterial strains such as MRSA[@b24][@b25] without developing bacterial resistance[@b26][@b27]. Silver ions were used to treat chronic osteomyelitis with respectable efficacy[@b28][@b29][@b30][@b31]. However, it was reported that high concentrations of silver ions may lead to severe cytotoxic effects[@b32][@b33][@b34][@b35]. Several studies indicate that the incorporation of a second chemical may optimize silver-doped materials with better antibacterial activity and acceptable biosafety[@b36][@b37][@b38]. However, the *in vivo* efficacy and biosafety profiles of such silver-doped biomaterials are lacking. Thus, it's important to optimize the silver concentrations in these implant scaffold materials.

We previously developed a scaffold material, nano-hydroxyapatite/polyamide-66 composite (nHP66), which exhibits excellent biocompatibility and osteoconductivity and has been approved for clinical bone tissue engineering in China[@b39][@b40][@b41][@b42][@b43][@b44][@b45]. As titanium (TiO~2~) is also known to exhibit antibacterial activity with excellent biocompatibility[@b46][@b47][@b48], we optimized the nHP66 scaffold material by developing the nanosized titanium (TiO~2~) and silver-co-substituted nHP66 scaffold materials (or TA-nHP66)[@b49]. We found that co-substitution of titanium (TiO~2~)/Ag-containing hydroxyapatite exhibited significant synergistic long-term bactericidal properties *in vitro*[@b49][@b50][@b51].

In this study, we establish a large cohort of the rabbit model of experimental osteomyelitis and investigate the *in vivo* antimicrobial activities of the nanosized titanium/silver-co-substituted nHP66 scaffold materials (TA-nHP66) and the *in vivo* silver release kinetics of the scaffold materials. The TA-nHP66 scaffold materials exhibit potent antibacterial activities on *E. coli* and *S. aureus* bacterial cells, support cell proliferation of pre-osteoblastic cells and stimulate the expression of osteogenic regulators and markers. Moreover, the TA2-nHP66 scaffold material exerts potent antibacterial/anti-inflammation effects and promotes bone formation at the lesion site of osteomyelitis. Lastly, we find that the TA2-nHP66 scaffold material exhibits excellent biosafety profile without detectable systemic toxicities. Thus, the TA-nHP66 scaffold biomaterials may be further explored as an effective adjuvant therapy for infected bone defects and/or osteomyelitis debridement.

Results
=======

The titanium/silver-containing nHP66 scaffold materials exhibit potent antimicrobial activity *in vitro*
--------------------------------------------------------------------------------------------------------

The agar disc-diffusion test was used to evaluate the antibacterial effect of the TA-nHP66 scaffold materials against *E. coli ATCC25922* and *S. aureus ATCC25923*. These strains were chosen because *Staphylococcus aureus* and *Escherichia coli* infections account for approximately 75% of clinical osteomyelitis. Based on the analysis of the zone of inhibition (ZOI), the addition of titanium and/r silver rendered the nHP66 scaffold potent antibacterial activities, as compared with antibiotics such as vancomycin (VA) and ceftazidime (CAZ). Specifically, at 24 h after treatment, we found that the ZOI values for nHP66, A1-nHP66, TA1-nHP66, A2-nHP66 and TA2-nHP66 scaffold materials on the *S. aureus ATCC25923* inoculated plates were 7.0 mm, (13.7 ± 1.13) mm, (14.4 ± 1.21) mm, (15.2 ± 1.25) mm, (23.6 ± 1.14) mm, respectively, while the ZOI value of VA to S. aureus was (30.04 ± 2.88) mm ([Fig. 1A-a](#f1){ref-type="fig"}).

Similarly, the ZOI values for nHP66, A1-nHP66, TA1-nHP66, A2-nHP66 and TA2-nHP66 scaffold materials on the *E. coli ATCC25922* inoculated plates were 7.0 mm, (9.6 ± 1.47) mm, (11.8 ± 0.73) mm, (16.4 ± 1.18) mm, (18.8 ± 0.84) mm respectively, whereas the ZOI for CAZ was (17.8 ± 0.85) mm ([Fig. 1B-a](#f1){ref-type="fig"}). These results strongly suggest that the antibacterial activity may be associated with the addition of Ag^+^ and its concentration-dependence in the scaffold materials. The antibacterial activity of TA1-nHP66 was similar to that of A2-nHP66's, indicating that Ag^+^ and titanium may have synergistic antibacterial effect.

We also determined the changes of the ZOI values of different scaffold materials in both *S. aureus* and *E. coli* changes over time, and found that the maximal ZOI values of the scaffold materials were obtained at 24 h incubation, and then decreased with time ([Fig. 1A-b](#f1){ref-type="fig"} and B-b). Nonetheless, the antibacterial activities as measured by the ZOI of TA2-nHP66 exerted on *S. aureus* and *E. coli* lasted 33 and 12 days, respectively, longer than any other tested scaffold materials ([Fig. 1A-b](#f1){ref-type="fig"} and B-b), indicating the titanium/silver-containing nHP66 scaffold may have the most potent bactericidal effect, compared with the parental nHP66 scaffold and other titanium/silver or silver-containing nHP66 scaffolds.

It's noteworthy that the potency and duration of antibacterial activities exerted by the scaffold materials seemingly varied among bacterial strains. For example, TA2-nHP66 exhibited more potent and longer duration of antibacterial activities against *S. aureus* cells than that against *E. coli* cells ([Fig. 1A-b](#f1){ref-type="fig"} *vs*. [Fig. 1B-b](#f1){ref-type="fig"}).

The titanium/silver-containing nHP66 scaffold materials allow efficient cell adhesion and proliferation of pre-osteoblastic cells
---------------------------------------------------------------------------------------------------------------------------------

To test whether osteoblastic progenitor cells are able to effectively attach to the scaffold surface and to facilitate the cell-scaffold interactions, we seeded MC3T3-E1 cells on the scaffold materials and cultured for 7 days. SEM imaging analysis indicated that the MC3T3-E1 cells attached well to the five types of porous scaffold materials with numerous filopodial and pseudopodial extensions ([Fig. 2A](#f2){ref-type="fig"}).

We further analyzed whether the scaffolds would release cytotoxic materials that affect cell survival and proliferation. Using the extracts prepared from different scaffold materials, we assessed the effect of these extracts on cell proliferation of MC3T3-E cells using the Cell Counting Kit-8 (CCK-8) assay. We found that the cell proliferative activities increased in a time-dependent fashion, and the activities were significantly higher in the TA1-nHP66 and TA2-nHP66 groups (p \< 0.05) ([Fig. 2B](#f2){ref-type="fig"}). These results demonstrate that the porous TiO~2~-Ag-nHA/PA66 scaffold materials have excellent biocompatibility as they can support cell adhesion and facilitate cell proliferation of MC3T3-E1 osteoblastic progenitor cells.

The titanium/silver-containing nHP66 scaffold materials stimulate the expression of osteogenic regulators and markers
---------------------------------------------------------------------------------------------------------------------

To test if the titanium/silver-containing scaffold materials would affect the osteogenic differentiation of pre-osteoblast cells, we cultured MC3T3-E1 cells on the five types of scaffold materials for 7 and 14 days. The expression of osteogenic regulator Runx2 and osteogenic markers Alp, Opn and Ocn was analyzed by qPCR ([Fig. 3](#f3){ref-type="fig"}). Compared with that of the parental nHP66 scaffold material, Runx2 expression was not significantly affected in titanium/silver or silver-containing scaffold groups ([Fig. 3a](#f3){ref-type="fig"}). However, early osteogenic marker Alp and late osteogenic marker Ocn were significantly up-regulated in TA1-nHP66 and TA2-nHP66 groups at both time points ([Fig. 3b](#f3){ref-type="fig"} and d), while another late osteogenic marker Opn was up-regulated in TA1-nHP66 and TA2-nHP66 groups at day 14 time point ([Fig. 3c](#f3){ref-type="fig"}). These results indicate that titanium/silver-containing nHP66 scaffold materials can effectively promote osteogenic differentiation of pre-osteoblast cells *in vitro*.

The titanium/silver-containing TA2-nHP66 scaffold material exerts potent antibacterial and anti-inflammation effects in a rabbit model of experimental osteomyelitis
--------------------------------------------------------------------------------------------------------------------------------------------------------------------

In order to determine whether the titanium-silver containing nHP66 scaffold materials can inhibit bacterial growth and promote bone formation *in vivo*, a rabbit model of experimental osteomyelitis was induced with *S. aureus* injected through the tibial metaphysis. After the disease model was confirmed, the animals were divided into three groups and received three treatments: the control group treated with debridement only, the nHP66 group treated with debridement and nHP66 scaffold implantation, and the TA2-nHP66 group treated with debridement and TA2-nHP66 scaffold implantation. The local and systemic symptoms of osteomyelitis were monitored and analyzed at multiple time points for up to 12 weeks. All rabbits recovered well from surgery while two rabbits (one each from the debridement only group and the nHP66 group) died due to septic complications within 4 weeks after osteomyelitis induction.

The average basal body temperature prior to *S. aureus* inoculation was 37.37 ± 0.27 °C. Body temperature slightly increased for all animals before debridement ([Fig. 4a](#f4){ref-type="fig"}), whereas the temperature continued to increase at the first two weeks after debridement in control and nHP66 groups. However, the TA2-nHP66 group exhibited only a slight increase in the first week after implantation, followed by a steady decline to the basal level ([Fig. 4a](#f4){ref-type="fig"}), suggesting the TA2-nHP66 implant may exert potent antibacterial activity, especially compared with the debridement only group (p \< 0.05). Nonetheless, the body temperature became stable and maintained close to the basal level, suggesting the animals may have overcome the acute phase of experimental osteomyelitis at 12 weeks after debridement.

Upon the induction of experimental osteomyelitis, the average body weight of the animals slightly decreased to 2.48 ± 0.11 kg ([Fig. 4b](#f4){ref-type="fig"}). After debridement and treatment, the body weight in all three groups showed a noticeable decrease in the first week after treatment, and continued to exhibit a slight decrease in the debridement only group and nHP66 group ([Fig. 4b](#f4){ref-type="fig"}). However, the TA2-nHP66 group, after an initial decrease in the first week, gradually and significantly gained weight, noticeably from 4 to 12 weeks after treatment ([Fig. 4b](#f4){ref-type="fig"}). These results further suggest that TA2-nHP66 implant may exert potent antibacterial activity and that the animals with osteomyelitis may be significantly benefited from TA2-nHP66 implantation.

We also analyzed other inflammation indicators and found the results were in general consistent with the above changes in body temperature and body weight. Compared with preoperative levels, the average white blood cell (WBC) counts slightly increased in all animals after osteomyelitis induction, and the WBC counts of all three groups further increased in the first week after debridement surgery ([Fig. 4c](#f4){ref-type="fig"}). However, the TA2-nHP66 group maintained stable and normal levels of WBC counts 2 weeks after treatment, whereas the WBC counts remained at significantly higher levels in the debridement only and nHP66 groups (p \< 0.05) ([Fig. 4c](#f4){ref-type="fig"}). Similar results were found for the serum levels of C-reactive protein (CRP), and the TA2-nHP66 group exhibited reduced and basal levels of CRP at 2 weeks after treatment, while the CRP remained at higher levels in the debridement only and nHP66 groups (p \< 0.05) ([Fig. 4d](#f4){ref-type="fig"}).

Taken together, the above results demonstrate that the TA2-nHP66 scaffold material exhibits potent antibacterial activity, compared with debridement only and the parental nHP66 scaffold material.

The titanium/silver-containing TA2-nHP66 scaffold material inhibits local bacterial infection and promotes bone formation at the lesion site of osteomyelitis
-------------------------------------------------------------------------------------------------------------------------------------------------------------

To accurately assess the antibacterial activity of the TA2-nHP66 scaffold material at the implant site, we analyzed the presence of bacterial cells (in terms of colony-forming units, CFUs) by culturing bone samples along with the retrieved implants from the sacrificed animals at each time points. We found that the average CFU values (normalized by grams of bone tissue) at one week after debridement were (1.18 ± 1.04) × 10^5 ^CFU/g, (1.62 ± 1.30) × 10^8 ^CFU/g and (2.24 ± 1.70) × 10^7 ^CFU/g for the TA2-nHP66 group, the nHP66 group, and the debridement only group, respectively ([Fig. 5a](#f5){ref-type="fig"}). The average CFU/g values gradually decreased to (2.32 ± 2.27)  × 10^3 ^CFU/g in the TA2-nHP66 group at week 8, whereas the average CFU/g values of nHP66 and debridement only groups remained at or close to the first postoperative week's levels ([Fig. 5a](#f5){ref-type="fig"}). The difference in the average CFU values between the TA2-nHP66 group and other two groups was highly significant at all time points (p \< 0.001), while there was no statistically difference between the nHP66 group and the debridement only group up to 8 weeks after the debridement surgery ([Fig. 5a](#f5){ref-type="fig"}).

The retrieved TA2-nHP66 scaffold material from the animals at 8 weeks post implantation was shown to retain antibacterial activity, based on the agar disc-diffusion assays ([Fig. 5b](#f5){ref-type="fig"}), while no such activity was observed with the retrieved nHP66 scaffold material at the same time point (data not shown). We further carried out SEM analysis of the bone tissues along with the scaffold implants retrieved at 8 weeks post debridement surgery. We found that significantly fewer numbers of bacterial cells were seen on the surface or in the micropores of the TA2-nHP66 scaffold material while the surface of the nHP66 scaffold was covered with countless bacterial cells ([Fig. 5c](#f5){ref-type="fig"} *vs*. d). Taken together, the above results demonstrate that the TA2-nHP66 scaffold material can effectively control the local infection of osteomyelitis, compared with debridement only and the parental nHP66 scaffold material.

To assess the therapeutic effect of the TA-nHP66 scaffold on experimental osteomyelitis, we analyzed the radiographic presentations of the animals sacrificed at 12 weeks after debridement surgery. Radiographic analysis showed the successful induction of osteomyelitis at right proximal tibia of all rabbits with the presence of soft tissue swelling, reduced bone density, bone destruction, and sequestrum bone formation ([Fig. 6A-a](#f6){ref-type="fig"}). At 12 weeks post the debridement surgery, the TA2-nHP66 group showed the formation of new trabecular bone that was well connected to surrounding bone, and the affected proximal tibia almost restored to its normal anatomical structure ([Fig. 6A-b](#f6){ref-type="fig"}). However, soft tissue swelling, osteolytic lesion and reactive periosteal new bone formation were observed in the nHP66 group and debridement only group at the same time point ([Fig. 6A](#f6){ref-type="fig"}-cd).

Histologic analysis further confirmed the radiographic findings on the retrieved bone/implant samples. H & E staining revealed that the debridement only group displayed pronounced inflammation infiltration, bone necrosis and fibrous hyperplasia at the bone lesion site ([Fig. 6B-a](#f6){ref-type="fig"} and B-d), some of which were slightly improved in the nHP66 group ([Fig. 6B-b](#f6){ref-type="fig"} and B-e). However, at 12 weeks after the debridement surgery inflammatory cells were rarely observed in the TA2-nHP66 group, whereas the evidence of new trabecular bone formation and neovascularization was apparent at bone-scaffold interface region ([Fig. 6B-c](#f6){ref-type="fig"} and B-f). Taken together, these *in vivo* results further demonstrate that TA2-nHP66 scaffold material may eradicate bacterial infection locally and repair osteolytic defects caused by osteomyelitis.

The titanium/silver-containing TA2-nHP66 scaffold material exhibits excellent biosafety profile without detectable systemic toxicities
--------------------------------------------------------------------------------------------------------------------------------------

Towards understanding the *in vivo* toxicological profile of the scaffold materials, we analyzed silver ion release from TA2-nHP66 implant in blood and accumulations in major tissues/organ. We found that the blood silver ion concentrations showed a slight elevation over the 12-week period, but the concentrations were less than 10 ppb ([Fig. 7A](#f7){ref-type="fig"}). The silver concentrations were shown to elevate over time and varied in different tissues (but usually \<250 ppb), and the highest concentrations were found in the liver ([Fig. 7A](#f7){ref-type="fig"}). Nonetheless, the silver concentrations in the major tissues were considered low and below the ppm range recommended by the silver safety guideline.

Furthermore, histologic evaluation of the liver and kidney tissues retrieved from the TA2-nHP66 group at 12 weeks after the debridement revealed no significant cytotoxic pathologic findings ([Fig. 7B](#f7){ref-type="fig"} ab *vs*. cd).

Lastly, we analyzed dynamic changes in the clinical panel of liver and kidney serum biomarkers, including ALT (alanine transaminase), AST (aspartate aminotransferase), BUN (blood urea nitrogen), CREA (creatinine) and ALP (alkaline phosphatase) in the TA2-nHP66 group. As shown in [Table 1](#t1){ref-type="table"}, no significant differences were found for these biomarkers when compared with that of the pre-operative's (p \> 0.05). Thus, these toxicological results demonstrate an acceptable biosafety profile of the titanium-silver containing TA2-nHP66 scaffold material for *in vivo* use.

Discussion
==========

The effective treatment and management of chronic osteomyelitis remains a formidable clinical challenge for Orthopaedic surgeons[@b52]. The use of antibiotic-impregnated implant materials, which release antibiotics at local lesions and repair of bone defect caused by debridement, may hold promise as an effective means to treat osteomyelitis[@b11][@b12]. However, the rapid emerge of antibiotic resistance strains, such as MRSA[@b15][@b16], may mandate multidisciplinary approaches to overcoming such challenges, in addition to the development of antibacterial agents with broader antibacterial spectrum.

The development and use of antimicrobial biomaterials has gained significant popularities in treating osteomyelitis, particularly for the implant-associated osteomyelitis[@b8][@b9]. Silver ions have a long history of being used as antimicrobial agents[@b18][@b19][@b20][@b21][@b22][@b23]. Historically, silver irons were reported to treat chronic osteomyelitis and infected non-unions[@b30][@b31][@b53]. More importantly, silver ions were shown to overcome antibiotic resistance in methicillin-resistant Staphylococcus epidermidis (MRSE), MRSA and vancomycin-resistant strains[@b24][@b54][@b55]. Furthermore, silver was shown to be active against fungi and viral pathogens[@b25][@b56].

Although not completely understood, the antimicrobial mechanism of silver irons is generally considered through their binding with microbial DNA, and thus interfering with microbial DNA replication[@b25][@b57]. Silver irons may also bind to bacterial membrane and/or of bacterial or enzymatic sulfhydryl, amino, imidazole groups of bacterial enzymatic proteins, leading to protein denaturation[@b57][@b58][@b59].

While it was reported that bacterial cells are sensitive to silver ions and the antibacterial concentrations of silver irons are as low as 35 ppb[@b25], it is known that silver toxicity is dose-dependent and high concentrations of silver ions can inhibit osteoconductivity and osteoblast adhesion, delay wound healing, and exert severe cytotoxicity on a variety of cell types[@b32][@b33][@b34][@b35][@b60][@b61].

To minimize the possible silver-related toxicity and to maximize the antimicrobial activity of the silver-doped biomaterials, we developed novel porous TiO~2~/Ag-nHA/PA66 antibacterial nanoscaffold materials (TA-nHP66) using a thermal spraying technique, in which we found that co-substitution of titanium (TiO~2~)/Ag-containing hydroxyapatite exhibited significant synergistic long-term bactericidal properties *in vitro*[@b49][@b50][@b51]. Our observed synergistic bactericidal properties between silver and titanium were also confirmed by several recent studies[@b62][@b63][@b64]. However, these studies including our previous ones mostly focused on *in vitro* bactericidal effects, not on *in vivo* disease models. Moreover, the *in vivo* release kinetics and biosafety profiles of silver-doped scaffold materials were not thoroughly studied.

In this study, we established a large cohort of rabbit experimental osteomyelitis and demonstrate that the silver/titanium-containing nHP66 antibacterial scaffold materials exhibit synergistic bactericidal properties. The antibacterial activity of TA-nHP66 biomaterials is dose-dependent of Ag^+^ concentrations. We demonstrate that porous TA2-nHP66 scaffold material has potent antibacterial activity against *S. aureus in vivo*. Furthermore, the TA2-nHP66 biomaterial was shown to promote osteogenesis and had no apparent cytotoxicity in major organs/tissues.

To the best of our knowledge, our studies represent one of the first to determine the *in vivo* dynamic changes of silver concentrations post silver-doped scaffold implantation in osteomyelitis model. It was reported when blood silver concentrations reach 300 ppb toxic side effects would appear, including argyrosis, leucopenia, and liver and kidney damage[@b65][@b66]. In general, blood silver levels below 10 ppb were considered normal, and the blood concentration should not exceed 22 ppb[@b65]. Nonetheless, several studies investigated the cytotoxicity of silver ions in a wide range of concentrations *in vitro*. It was shown the IC~50~ of silver concentration was 721 ppb for L929 mouse fibroblasts and 470 ppb for MC3T3-E1 mouse osteoblasts *in vitro*[@b25][@b67]. No evidence of silver toxicity was observed in the cultured fibroblasts when silver concentrations were below 1,200 ppb[@b66].

Here we found that the silver concentrations in blood were \<5 ppb at one week after debridement, then slowly increased and reached \~10 ppb at week 12. Furthermore, we did not observe any apparent histological changes of the retrieved liver and kidney tissues at the endpoint, and all serum biochemical markers for liver and kidney functions were within normal ranges. Furthermore, we analyzed that silver distribution among the major tissues/organs for the duration of the scaffold implantation, and found that silver concentrations in liver, bone, muscle tissue and kidney increased with time. The silver concentration in liver is the highest among the examined tissues at all time points, while significant amounts of silver were observed in bone and muscle tissue. The mean silver concentrations in liver were 224.46 ± 83.04 ppb at week 12, compared with 121.63 ± 28.94 ppb in muscle and 88.57 ± 75.72 ppb in kidney. Nonetheless, the silver concentrations in the major tissues were considered low and below the ppm range recommended by the silver safety guideline.

Nonetheless, we did not include any systemic antibiotic administration after debridement surgery in the current *in vivo* studies. It is conceivable that better overall outcomes may be achieved if the animals are treated with antibiotics in combination with local debridement and TA-nHP66 implantation. Moreover, our overall duration of the *in vivo* studies was limited to 12 weeks. A longer period may be needed to fully assess the *in vivo* toxicity of the scaffold biomaterials. These issues should be addressed in future studies.

In summary, using a large cohort of rabbit model of experimental osteomyelitis, we investigated the *in vivo* antimicrobial activities of the TA-nHP66 scaffold biomaterials and their *in vivo* silver release kinetics. We demonstrated that TA-nHP66 scaffold materials exhibited potent antibacterial activities, supported cell proliferation and stimulated the expression of osteogenic regulators/markers. The TA2-nHP66 scaffold was shown to exert potent antibacterial/anti-inflammation effects and to promote bone formation at the lesion site of osteomyelitis. Furthermore, we showed that the TA2-nHP66 scaffold exhibited an excellent biosafety profile without apparent systemic toxicities. Therefore, the TA-nHP66 scaffold biomaterials may be further explored as an effective adjuvant therapy for infected bone defects and/or osteomyelitis debridement.

Methods
=======

All methods were performed in accordance with the relevant guidelines and regulations outlined by the journal.

Cell culture, bacterial strains and chemicals
---------------------------------------------

Pre-osteoblastic MC3T3-E1 cells were obtained from ATCC and maintained at 37 °C in complete α-MEM containing 10% FBS (Hyclone, Logan, UT, USA), 100 units/ml penicillin, and 100 g/ml streptomycin at 37 °C in 5% CO~2~. The bacterial strains E. coli ATCC25922 and S. aureus ATCC25923 were obtained from ATCC. Unless indicated otherwise, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO) or Thermo Fisher Scientific (Waltham, MA).

Preparation of the TA-nHP66 scaffold materials
----------------------------------------------

The porous TiO~2~-Ag-nHAPA66 (TA-nHP66) scaffold materials were prepared as described[@b44][@b49][@b50][@b51]. Briefly, the TiO~2~ content in the nHAPA66 was maintained at 2.35 wt% while two different silver concentrations were used: TA1-nHP66 (0.22 wt% Ag^+^2.35 wt% TiO~2~) and TA2-nHP66 (0.64 wt% Ag^+^2.35 wt% TiO~2~). For the control materials, we also prepared the porous scaffold materials containing Ag+ only as described[@b44][@b49][@b68], with two different silver concentrations, A1-nHP66 (0.22 wt% Ag^+^-nHAPA66) and A2-nHP66 (0.64 wt% Ag^+^-nHAPA66). The macropore sizes of these scaffold materials ranged from 200 to 500 μm.

Determination of antimicrobial activity *in vitro*
--------------------------------------------------

Antimicrobial activity *in vitro* was evaluated by agar disc-diffusion assay[@b51]. Two bacterial strains, E. coli ATCC25922 and S. aureus ATCC25923, were used in this study. Experimentally, uniform discs (1 mm thick and 7 mm diameter) of different scaffold materials were prepared. 200 μl of bacterial suspension (1.5 × 10^8 ^CFU/ml) was first spread on brain heart (BH) agar plates, and then scaffold discs were gently placed on the surfaces of agar plates. Antibiotics vancomycin and ceftazidime discs (30 μg antibiotic per tablets) were also used as positive controls. The plates were incubated in the dark for 24 h at 37 °C, and the zone of inhibition (ZOI) around each specimen was measured with a digital caliper. BH agar plates were replaced every 2 days, and the ZOIs were measured until they disappeared. Each assay condition was repeated at least five times.

To determine whether the scaffold materials remains antimicrobial activity at 8 weeks after implantation, the retrieved TA2-nHP66 implants were also subjected to the agar disc-diffusion tests using S. aureus ATCC25923 bacterial cells as described above.

Scanning electron microscope (SEM) analysis
-------------------------------------------

MC3T3-E1 cells were seeded on different scaffold materials (1 mm thick and 7 mm diameter) with 4.0 × 10^4^ cells and incubated at 37 °C in complete medium for 7 days, the medium was removed, and scaffold materials were rinsed with PBS and processed for SEM analysis (using Hitachi S-3000N2) as described[@b69]. Furthermore, the retrieved scaffold implants of control group and experimental group were removed under aseptic conditions at 8 weeks after debridement and rinsed with PBS and processed for SEM analysis as described[@b69].

Cell proliferation assay
------------------------

Cell proliferation of different scaffold materials was analyzed by using cell counting kit-8 assay (CCK-8) as described[@b70]. To test the biocompatibility of the scaffold materials, the extracts of scaffold materials were prepared according to the guidelines specified in ISO10993-12:2012. The 64 g/L phenol solution was used as a control. Briefly, about 1.0 × 10^4^ MC3T3-E1 cells were seeded in 96-well cell culture plates. At 24 h after seeding, the culture medium was removed and different extracts and phenol solution (200 μl/well) were added. At 4, 7 and 14 days, the CCK-8 solution was added and incubated for 2 h. The absorbance was determined at 450 nm using a microplate reader. Six repeats of each assay condition were performed at each time point.

Analysis of osteogenic gene expression
--------------------------------------

At 7 and 14 days after incubation, total RNA from osteoblasts grown on different scaffold materials was isolated using the TRIzoI® reagent according the manufacturer's protocol. The RT-PCR cDNA products were used for quantitative real-time PCR (qPCR) as described[@b71][@b72]. The expression of osteogenesis-relate genes, RunX2, Alp, Opn and Ocn were analyzed by using the gene-specific primers ([Supplementary Table 1](#S1){ref-type="supplementary-material"})[@b73]. Gapdh was used as the reference gene.

Rabbit model of experimental osteomyelitis
------------------------------------------

The reported animal studies were carried out by following the guidelines approved by the Institutional Animal Care and Use Committee of Chongqing Medical University, Chongqing, China. Experimental osteomyelitis was induced in the tibial metaphysis of 80 healthy New Zealand white rabbits (male, average body weight, 2.52 ± 0.12 Kg) as described[@b12]. Briefly, when a rabbit was under general anesthesia, a Kirschner wire (Ф1.5 mm) was inserted into the intramedullary cavity at the tibial metaphysis, followed by injecting 1 ml of 5% sodium morrhuate and 0.1 ml of S. aureus suspension (3 × 10^8 ^CFU/ml). The cavity was closed with bone wax. At 4 weeks after injection, five rabbits were sacrificed to confirm the presence of osteomyelitis according to X-ray and histological examination as described[@b74]. Meanwhile, bacterial cultures from the lesion bone tissues were also established to confirm the S. aureus infection.

The remaining 75 rabbits were treated by focal debridement, and a cortical bone window (1.0 cm × 0.5 cm) was made at the proximal tibia, and randomly divided into 3 groups (n = 25/group): the control group that was treated with debridement only, nHP66 group that was treated with debridement and nHP66 (1.0 × 0.5 × 0.5 cm) scaffold implantation, and the TA2-nHP66 group that was treated with debridement and TA2-nHP66 (1.0 × 0.5 × 0.5 cm; average weight, 85.53 ± 11.26 mg) scaffold implantation. The wound was closed in two layers. Postoperatively, the activity, eating, and wound healing of all rabbits were examined daily. Relevant inflammation indicators such as body weight, body temperature, white blood cell counts (WBC), and C-reactive protein (CRP) levels were measured at multiple time points preoperatively and postoperatively.

Microbiological evaluation of the retrieved osteomyelitis bone lesion
---------------------------------------------------------------------

Quantitative analysis of bacterial colony-forming units per gram of tibial bone was carried out to evaluate the implants' antimicrobial activity *in vivo* as reported[@b75]. At 1, 2, 4, and 8 weeks after debridement, the five rabbits from each group were sacrificed. The muscle tissue (within 3 mm of implantation), bone tissue (within 5 mm of implantation) and the implants were collected under aseptic conditions. Each of the harvested bone samples was cut in halves at mid-sagittal plane; half of which was used for silver concentration analysis and the other half was used to microbiological evaluation. Briefly, the samples were crushed to pulverized bone and the final products were weighed. Sterile PBS was added (at 4:1 ratio, v/w) and vortexed for 5 min, followed by 10-fold serial dilutions of the suspension preparations. Lastly, 0.1 ml of the suspension preparations were plated on to the BH agar plates and incubated at 37 °C for 24 h. Colony forming units were counted as described[@b75].

Radiographic and histological analyses
--------------------------------------

Radiological imaging was performed before debridement and at 12 weeks after debridement. After imaging at the endpoint, the tibial specimens with implants were collected, fixed in paraformaldehyde, decalcified, and subjected to sectioning. The slides were stained with hematoxylin eosin (H & E) and Masson trichrome[@b76][@b77][@b78]. Histologic evaluation (H & E staining) of liver and kidney tissues was also carried out for the animals sacrificed at 12 weeks after debridement[@b79][@b80].

Determination of silver concentrations in bone and key organs/tissues
---------------------------------------------------------------------

When the animals in the TA2-nHP66 group were sacrificed at 1, 2, 4, 8 and 12 weeks after debridement, silver concentrations were determined in blood, muscle tissue (within 3 mm of implantation site), bone (within 5 mm of implantation site, and half of samples), and liver and kidney tissues. Briefly, the samples were collected at different time points and preserved in 10% formalin. Silver concentrations were determined by atomic absorption spectrometry performed at the Chongqing Minerals and Iron Alloy Laboratory Testing Center, Chongqing, China. Each sample was analyzed in triplicates.

Serological biomarker analysis
------------------------------

General toxicities to liver and kidney in the TA-nHP66 implant group were assessed by analyzing several key serum parameters in the animals sacrificed at each time point. These assays included alanine transaminase (ALT), aspartate transaminase (AST), blood urea nitrogen (BUN) and creatinine (Cr), which were determined by using the commonly-used kits in clinical diagnostic labs (Sichuan Maccura Biotechnology, Chengdu, China).

Statistical analysis
--------------------

All quantitative data were described as mean ± SD. Statistical analysis was performed using SPSS 17.0 software. One way ANOVA was performed to detect statistical significances between groups. A p-value of \<0.05 was considered statistically significant.
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![The antibacterial effect of TiO~2~/Ag^+^-containing porous scaffold materials.\
Antimicrobial activity *in vitro* was evaluated by agar disc-diffusion assay using *S. aureus ATCC25923* (**A**) and *E. coli ATCC25922* (**B**). Uniform discs (1 mm thickness and 7 mm diameter) were placed on to the bacterial inoculated brain heart (BH) agar plates. The plates were incubated under dark conditions for 24 h at 37 °C (a), and the zone of inhibition (ZOI) around the specimen was measured and analyzed (b). The BH agar plates were replaced every 2 days, and ZOI were measured until they disappeared. The vancomycin (VA) and ceftazidime (CAZ) discs (30 μg per tablets) were used as positive controls. Each experiment was repeated five times. Representative results are shown. VA, vancomycin; CAZ, ceftazidime; nHP66, n-HA/PA66 (or nHP66) scaffold material; TA1, 0.22 wt% Ag^+^2.35 wt% TiO~2~-nHA/PA66 (or TA1-nHP66) scaffold material; TA2, 0.64 wt% Ag^+^2.35 wt% TiO~2~-nHA/PA66 (or TA2-nHP66) scaffold material; A1, 0.22 wt% Ag^+^-nHA/PA66 (or A1-nHP66) scaffold material; A2, 0.64 wt% Ag^+^-nHA/PA66 (or A2-nHP66) scaffold material.](srep39174-f1){#f1}

![The effect of the TA-nHP66 scaffold materials on the biocompatibility and proliferation of osteoblastic cells.\
(**A**) SEM micrographs of the MC3T3-E1 cells cultured on different porous scaffold materials for 7 days. (**B**) CCK-8 assay for proliferation of MC3T3-E1 cells cultured with extracts of different porous scaffold materials at 4, 7 and 14 days. "\*"p \< 0.05.](srep39174-f2){#f2}

![The effect of the TA-nHP66 scaffold materials on the expression of osteogenic regulators and markers.\
MC3T3-E1 cells were cultured on different porous scaffold materials for 7 and 14 days. RNA was isolated and subjected to qPCR analysis of the expression of *RunX2* (**a**), *Alp* (**b**), *Opn* (**c**) and *Ocn* (**d**) in osteoblast cells. "\*"p \< 0.05.](srep39174-f3){#f3}

![The anti-inflammation features of the TA2-nHP66 scaffold material in the rabbit model of experimental osteomyelitis.\
Changes in body temperature (**a**), weight (**b**), WBC count (**c**) and C-reactive protein (**d**) were assessed at different time points after the debridement. "\*"p \< 0.05; "\*\*"p \< 0.001 (TA2-nHP66 *vs*. debridement groups).](srep39174-f4){#f4}

![The bactericidal effect of the TA2-nHP66 scaffold biomaterial in experimental osteomyelitis.\
(**a**) Comparison of the bactericidal effects of three different treatments of the experimental osteomyelitis. "\*\*"p \< 0.001. (**b**) Antibacterial effect of the retrieved implant (TA2-nHP66 scaffold material at 8 weeks) on agar plates inoculated with *S. aureus ATCC25923* for 48 h. (**c**,**d**) SEM of the retrieved implants of the control group (nHP66 scaffold, ***c***) and the experimental group (TA2-nHP66 scaffold, **d**), which were removed under aseptic conditions at 8 weeks after debridement. Representative results are shown.](srep39174-f5){#f5}

![Radiographic and histological evidence of the bactericidal effect of the TA2-nHP66 scaffold material in experimental osteomyelitis.\
(**A**) Radiographic imaging of experimental osteomyelitis in the course of TA2-nHP66 treatment. (a) Four weeks after the induction of osteomyelitis; (b) After treatment with porous TA2-nHP66 scaffold for 12 weeks (indicated by the arrow); (c) After treatment only with debridement for 12 weeks; (d) After treatment with control nHP66 scaffold for 12 weeks (indicated by the arrow). (**B**) H & E and Masson trichrome staining of bone-Scaffold interface. The implants were retrieved at 12 weeks and subjected to H & E staining (a--c) and Masson trichrome staining (d--f). (a & d) treatment only with debridement; (b & e) treatment with control nHP66 scaffold material; and (c & f) treatment with TA2-nHP66 scaffold material. Representative results are shown. SM, scaffold material; TB, trabecular bone.](srep39174-f6){#f6}

![*In vivo* safety profiles of the TA2-nHP66 scaffold implant in a rabbit model of experimental osteomyelitis.\
(**A**) Silver concentrations of different tissues and organs at different time points of TA2-nHP66 scaffold implantation (after of the debridement surgery). (**B**) H & E histologic evaluation of liver (a & b low and high magnifications) and kidney (c & d low and high magnifications) retrieved from the TA2-nHP66 scaffold implant group at 12 weeks after the debridement surgery.](srep39174-f7){#f7}

###### Serological biochemical markers in the TA2-nHP66 group.

  Biomarkers      Preoperative        Week 1            Week 2            Week 4            Week 8            Week 12
  -------------- --------------- ----------------- ----------------- ----------------- ----------------- -----------------
  ALT(U/L)        49.40 ± 10.69   55.46 ± 9.79\*    53.33 ± 7.35\*    51.00 ± 11.11\*   48.20 ± 5.63\*    47.60 ± 8.79\*
  AST(U/L)        26.20 ± 4.97    28.57 ± 8.61\*    29.37 ± 6.54\*    27.00 ± 11.62\*   24.60 ± 7.23\*    26.00 ± 7.65\*
  BUN(mmol/L)      6.20 ± 2.49     6.87 ± 3.74\*     6.95 ± 4.76\*     6.40 ± 2.51\*     6.20 ± 4.21\*     6.40 ± 3.36\*
  CREA(μmol/L)    87.80 ± 19.69   93.36 ± 14.74\*   90.17 ± 18.53\*   82.20 ± 13.88\*   93.00 ± 18.97\*   88.40 ± 13.01\*
  ALP(U/L)        17.53 ± 5.67    21.75 ± 8.37\*    23.18 ± 6.35\*    20.76 ± 11.25\*   23.15 ± 5.77\*    21.37 ± 7.53\*

Serum biochemical markers in the TA2-nHP66 group (M ± S, n = 5).

ALT, alanine transaminase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CREA, creatinine; ALP, alkaline phosphatase. \*p \> 0.05.
